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INTRODUCTION
Attempts to measure the shape of objects and to construct geometric models have a long history. There are a great number of books, review articles (Scott et al., 2003; and Blais, 2004) , papers (Turk et al., 1994; Levoy et al., 2000; Rusinkiewicz et al., 2001; Godin et al., 2002; and Pauly et al, 2003) , and products (Simple3D, 2005) dealing with the problems.
This study is to provide technology that would reconstruct the objects, such as, archeological artifacts accurately and precisely as they are in a usually noisy environment. A 3D shape processing for restoration is another purpose of the proposal.
Surface models with unorganized triangular meshes were built based, for instance, on the so-called ICP algorithm, from triangulation scanners so far. The ICP algorithm is well proven; however, it is noise-sensitive and hence, shape ambiguity becomes unavoidable. In general, the presence of noise is typical for the scanning process. Retrieving the surface topology from the surface geometry as the algorithm is a difficult problem, especially when the ranging noise is unavoidable. Many attempts have been made to overcome the problem; however, there is no known algorithm that has theoretical guarantees, without any assumptions, in the presence of noise (Dey et al., 2004) . Most scientific efforts are toward the unorganized meshing. Contrary to the procedures, topology is first assigned in our procedure, enabling the matrix-format organized meshing and versatile 3D shape processing.
The ranging noise arises mostly from the oblique reflection of the incident laser beam on the local surface. In the 3D shape modeling procedure, this noise problem is serious and inevitable. However, few articles discussed the problem. To reduce the noise, a large object model with rather flat surfaces is to be employed. The surface polishing is most effective for a reliable triangulation. These measures are, however, not applicable to most of the objects that should be treated as they are. S Su uc cc ce es ss si iv ve e s sh ha ap pe e m mo od di if fi ic ca at ti io on n i is s a ap pp pl li ie ed d t to o t th he e o or rg ga an ni iz ze ed d a an nd d p po oi in nt t--l lo oc ca at ta ab bl le e m mo od de el l u us si in ng g i in nt tu ui it ti iv ve e m ma at tr ri ix x--t ty yp pe e o op pe er ra at to or rs s e en na ab bl li in ng g t th he eu ua an nt ti it ta at ti iv ve e s sh ha ap pe e e ev va al lu ua at ti io on n a an nd d C CA AD D c co om mp pa at ti ib bi il li it ti ie es s. .
MODELING AND SCANNING
In an illustration of a solid model data structure in Fig. 1 cylinder surface. The rectangular mesh SA is a perspective projection of the quadrilateral mesh Sa to the unit cylinder surface, and vice versa. Each radial distance of the object surface point from the axis of rotation (z-axis), for instance, "ra, rb, · ·" is sequentially measured. A vertex array listing, which is called "geometry" and represents the geometric coordinate values in 3D space is shown in Table 1 . The face (mesh) array listings for the Sa and SA are shown in Tables 2. Four other surfaces comprised of the wedge shaped pentahedral volume element are similarly defined (tables not shown).The listing is called "topology" and defines the shape of the face (number of vertices or edges) and also defines the listing sequence of the vertices or connectivity. The listing sequence of the vertices in the face list defines the normal vector direction of the face and determines on which side of the face the solid part of the object exists.
As shown in Fig. 1 and Table 2 , the variation in the radial distance of a, in principle, has no effect on the connectivity array of the face, if point a locates along the radial line segment O1-a or O1-A. This relation is also valid for the other points b, c, and d. Therefore, the connectivity array of the mesh is conserved if the four points similarly locate along each radial line. The vertex connectivity of Sa is the same as that on the unit cylinder, SA as shown in Fig.  1 and Table 2 . This means that the face array listing assigned for the unit surface SA is valid for the object surface Sa. If every radial distance is large enough, the surface shape becomes totally planar. This procedure is valid for planar surface as well.
Our data format is a raster scan type or a matrix format as described above and it is as follows. 
An element r ij represents the radial distance of a sampled surface point at the angular position "j" and at the vertical position "i" in the scanning This matrix can easily locate an arbitrary point on the object only by specifying "i" and "j." The same matrix-formatted shape modifying operators or depth-to-depth operators are applicable. An example of the 128x128 positive depth-to-depth operator is shown in Fig. 2 (left) . Another example of the versatile operator is shown in Fig. 2 (center and  right) . A bread arc-board (center) and a customized depth-to-depth operator (right), which may be one of our modeled results, are shown. The operator shape can be pressed on the 3D models to make its replica. Bitmap characters and symbols are printed on any 3D geometric models. The geometric models are fused The mesh ABCD is a perspective projection of the object surface mesh abcd on the unit cylinder surface, and vice versa. Variation in the radial distance of point "a" has no effect on the vertex connectivity of the mesh Sa, if "a" locates along the "O1-A." This is valid for other three points. Scanning is aligned to successively follow the rectangular mesh SA. "T1" is the triangulation sensor. together with the 3D operators by convolution. An object such as a statue is placed on a turntable which is driven by a geared pulse motor with angular resolution of 0.02 degrees. This means that the horizontal (peripheral or horizontal) resolution is 0.015 mm at the radius of 43 mm and there are a maximum of 18,000 horizontal meshes in one 360 degree turn. The translational resolution of the vertical slider, which is also driven by a geared pulse motor, is 0.001 or 0.015 mm with a maximum stroke of 500 mm. There are 33,333 or 50,000 vertical meshes at maximum in the full stroke. Therefore, the maximum number of the quadrilateral meshes is 600 or 900 million.
A triangulation sensor with a diode laser is installed on the vertical slider. The spot size on the object surface is 0.3 or 0.1 mm in diameter. A sensing range from 250 mm to 750 mm at maximum is produced here with a resolution of 0.001 mm at best. In the procedure, the measurement is general and not limited to this type of sensing. As a modeling/rendering system, we prepared solid model interfaces for the popular 3D computer graphics and computer-aided design systems.
RESULTS AND DISCUSSION
The desired meshing, for instance, the rectangular SA is first assigned for the sampling point connection and then the vertex array listing is continuously updated. Our procedure results in the "B-reps" model, which describes a 3D object as a set of the organized quadrilateral meshes.
A replica of an Egyptian relief is modeled as shown in Figs. 3 and a fossil trilobite in Fig. 4 . Other replica examples are: a human skull in Fig. 5 , the Parthenon frieze in Fig. 6 , and the Greek cavalier in Fig.  8 . In these modeling, if the triangulation errors are detected, depth-to-depth transformation operators (A = [a ij ], i= j = 3, 5 or 7) are applied to the data matrix (1) to smooth the local surface or the noisy points are replaced with the surrounding data. This type of shape modifying operations, including a transcription example in Fig. 7 and shape modification in Figs. 9 and 10, are applicable only if the output data is a matrix-format as this procedure. The noise-eliminated model is also observed to closely follow the shape of the real object.
The matrix type data is convenient and essential for modifying a local shape when locating the target position. In Figs. 9 and 10, a bruise on the right cheek is modified to try to restore and the broken nose is similarly restored. These are supposing the restoration of a broken or damaged artifact or for virtual training of, for instance, cosmetic surgery. The modeling accuracy depends on the rotational and translational positioning, and distance-sensing. The mal-aligned positioning results in a shape distortion, but still generates topologically stable models.
CONCLUSIONS
Some precise 3D models, within 0.01 mm 3D resolutions, are demonstrated based on the topologyassigned modeling procedure. The simple, automatic, geometrically accurate and precise, topologically stable, robust and noise-resistive object modeling, with matrix-format meshes, for archeological and cultural heritage applications. The noise problem inherent in the triangulation scanning, fatal in the so-called "retrieve topology from geometry" algorithm, is solved using the matrix format operators for practical usage in the exchange for some spatial resolution reduction. We expect considerable utility in the practical approximation and 3D shape processing. Fig. 8 is restored using similar operators in Fig. 2 (left) . The plump (left) and the sunken cheeks (right) are depicted.
Figure 10: The cheek bruise and the broken nose are restored. The nose is restored by implanting another nose in a Greek mask and then shape modified using a depth-to-depth trans-formation operator in Fig. 2 (left) . As the data structure is matrix-format, detailed procedures are not shown here.
